Aim To clarify the determinants of resting heart rate at the population level in a random sample of the Belgian population.
Introduction
A growing body of evidence has revealed that a higher resting heart rate is significantly and positively associated with hypertension [1] [2] [3] , coronary heart disease and total cardiovascular mortality [4] [5] [6] [7] . Several studies have demonstrated that resting heart rate at baseline was also independently predictive of subsequent cancer and even all-cause mortality [8] [9] [10] , although other studies failed to yield the same outcomes [11, 12] . In parallel with epidemiological findings, experimental studies in cholesterol-fed cynomolgus monkeys showed that the lowering of heart rate through sinoatrial node ablation retarded coronary atherosclerosis [13] , and the high heart rate reactivity to fear-elicited stress accelerated the development of atherosclerosis [14] . Furthermore, the observed effects of heart rate on the rate of atherosclerotic lesion development in these animal studies were independent of plasma lipids [14] , blood pressure and body weight [13] .
The question thus arises as to which factors determine the level and variation of heart rate at the population level. Only a few studies have been performed until now which took the determinants of heart rate as the focus of their investigations [2, 15, 16] . Therefore, the present study was conducted to clarify the determinants of heart rate in a large random sample of the Belgian population.
Methods

Study population
The data used in this paper derive from the baseline survey of the BIRNH Study (Belgian Interuniversity Research on Nutrition and Health). It was conducted from 1981 to 1984, and was the first large epidemiological study surveying a random sample from the general population in Belgium. The purpose, design and method of the BIRNH Study have been published in detail elsewhere [17] . In brief, a random sample of 30 964 subjects aged 25 to 74 years was selected by voting list from all Belgian counties. After informed consent was obtained from all the eligible subjects, they were invited to participate in the study and given a questionnaire at home 1 day before the interview. This questionnaire concerns 24-h dietary history, including alcohol intake and smoking habit. All the participants were interviewed by trained dietitians for the completeness and accuracy of the questionnaire they filled in. Because of the low participation rate (38·6% in men and 34·4% in women), 10% of non-responders were surveyed separately. A test of homogeneity in dietary and smoking habits between responders and non-responders was made, and no significant difference in main nutrient intake and smoking habit was found [18] . There were 5481 men and 4862 women who had complete data available for the analysis. Since anti-hypertensive medication may have a potential metabolic impact on cardiovascular risk factors in the human body, 451 men and 712 women taking anti-hypertensive drugs were excluded from the analysis, thus leaving 5030 men and 4150 women. We further excluded three men from the data set because of outlying values. Therefore, 5027 men and 4150 women constituted the basis available for the final analysis.
Anthropometric and biochemical measurements
After the participants had rested for at least 5 min, blood pressure was measured in the sitting position using a random-zero sphygmomanometer. Blood pressure was measured twice and the mean of the two readings was used for calculation. During the interval between two blood pressure measurements, heart rate was counted by means of a chronometer over a period of 30 s. Height and weight were determined after the participants had removed shoes and any heavy clothing. A non-fasting blood sample was drawn from the antecubital vein with the participants in the supine position. A few hours later, serum was separated and kept in a deep-freezer. All the sera obtained were sent to the Central Laboratory of the Catholic University of Leuven, Belgium, within one week, for analysis. The measurement methods for the biochemical variables used in this study have been published previously [18] .
Statistical analysis
The mean and standard deviation of the anthropometric, lifestyle and selected biochemical variables, together with their Pearson correlation with heart rate, were calculated. The relationship of heart rate with systolic and diastolic blood pressure, height, cigarette smoking and alcohol intake was also evaluated. The associations between heart rate and selected serum variables were examined by analysis of covariance with heart rate in quintiles as a class variable, and height, cigarette smoking and alcohol intake as covariates. Since serum gamma-glutamyltranspeptidase (GGT) is a proxy of alcohol intake [19] , the relationship between log GGT and heart rate was not adjusted for alcohol intake. A linear trend across heart rate quintiles was assessed by testing the partial regression coefficients of heart rate as a continuous variable in corresponding multiple regression models. To observe the independent association of anthropometric, lifestyle and serum variables with heart rate, multiple regression analysis by the backward elimination procedure at a significance level of 0·05 was performed with heart rate as a dependent variable. The selection of independent variables was mainly based on the results of the univariate analysis of this study, and on the findings of previous investigations [15, 16, 19] . As a result, age, height, weight, systolic blood pressure, cigarette smoking, alcohol intake and eight serum variables were eligible for entering into multiple regression models as independent variables. Cigarette smoking and alcohol intake were put into multiple regression models as categorical variables. They were divided into three mutually exclusive categories, respectively. The dummy variables were 1-19 cigarettes . day 1 and d20 cigarettes . day 1 for cigarette smoking, and 1-39 g . day 1 and d40 g . day 1 for alcohol intake. The value given to each discrete category was 1, if a subject belonged to that category, otherwise it was zero. Finally, the potential interaction on heart rate was examined among age, lifestyle and selected serum biochemical factors. All the analyses in this study were performed for men and women, separately.
Results
Univariate relations
The descriptive statistics on the anthropometric, lifestyle and serum variables, and their Pearson correlation with heart rate are presented in Table 1 . There was a strong significant correlation between heart rate and blood pressure (systolic, diastolic or pulse pressure). Of all the variables analysed, systolic blood pressure had the largest correlation coefficient with heart rate in both men and women. Stratified analysis of heart rate according to systolic and diastolic blood pressure, height, cigarette smoking and alcohol intake is shown in Table 2 . Heart rate progressively increased with ascending quintiles of systolic and diastolic blood pressure and decreased with ascending quintiles of height in men and women. A progressive increase of heart rate with an increasing amount of cigarette smoking and alcohol intake was observed in men only.
Multivariate relations
Since height, cigarette smoking and alcohol intake had a significant relationship with heart rate in this study, they were adjusted in the analysis of covariance for the associations between heart rate and selected serum biochemical variables. Table 3 shows that there was a significant difference in serum phosphorus, the calcium/ phosphorus ratio, log alkaline phosphatase (ALP) and protein across heart rate quintiles in both sexes and for serum log GGT and uric acid but in men only. It can also be found from Table 3 that there was a significant progressive linear increase in the serum calcium/ phosphorus ratio, log alkaline phosphatase, log GGT, uric acid and protein with ascending heart rate quintiles, with an exception of log GGT in women. In contrast, serum phosphorus displayed an inverse trend with increasing heart rate quintiles in both sexes. This linear trend across heart rate quintiles was more pronounced for serum uric acid in men and for the serum phosphorus and calcium/phosphorus ratio in women.
The results of modelling heart rate as a linear function of anthropometric, lifestyle and selected serum variables are reported in Table 4 . Because of missing values in cigarette smoking, serum alkaline phosphatase and protein, complete data were available in 4958 men and 4079 women for multiple regression analysis. As can be seen from the partial regression coefficients and t values in Table 4 , systolic blood pressure was the strongest correlate of heart rate in both sexes, followed by cigarette smoking but in men only. This strong positive association was more evident in heavy smokers (d20 cigarettes . day 1 ) than in moderate smokers (1-19 cigarettes . day 1 ). In women, the most striking findings were a strong negative association between serum phosphorus and heart rate, and a strong positive association between serum calcium/phosphorus ratio (mg . dl 1 ) and heart rate (beats . min 1 ) (b=3·07, 95% confidence interval 2·39-3·76, t=8·75). Similar to cigarette smoking in men, the strength of the association of serum phosphorus and the calcium/phosphorus ratio with heart rate was second only to that of systolic blood pressure in women. Table 4 also demonstrates a strong positive association between serum log alkaline phosphatase and heart rate in both sexes. A moderately significant and positive relationship of serum protein with heart rate was observed in men and women, but a similar association between serum uric acid and heart rate was found only in men. The relationship of alcohol intake and serum cholesterol with heart rate, although significant, was weak and restricted to men only. When a separate multiple regression model was developed by substituting diastolic for systolic blood pressure, the results obtained remained virtually unchanged.
No significant interaction on heart rate was detected among age, cigarette smoking, alcohol intake, serum log alkaline phosphatase and uric acid in men, and among age, serum phosphorus and log alkaline phosphatase in women.
Discussion
The heart rate obtained at the population level is one of the independent determinants of subsequent Determinants of resting heart rate 105 mortality [4] [5] [6] [7] [8] [9] [10] . This incited us to study the parameters influencing heart rate in a large population survey. As expected, blood pressure was significantly and positively associated with heart rate, and was the strongest correlate of heart rate in the present study. Already in 1974 it was recommended by our department that each measurement of blood pressure should be accompanied by a measurement of heart rate [20] . Although most investigations demonstrated a significant and positive relationship between heart rate and blood pressure [2, [21] [22] [23] [24] [25] , the differences of this relationship between age classes, sexes, and races are still poorly understood. To shed new light on this problem, we reviewed and compared the results of the present study and four similar studies [21, 22, 26, 27] derived from the literature. A uniform finding among the five studies compared was that in both sexes heart rate correlated more significantly with systolic than with diastolic blood pressure. The difference between sexes in the relationship of heart rate with blood pressure is still controversial. This relationship was stronger in men than in women in an Israeli study [26] and the Gubbio Population Study [27] , whereas the opposite result was observed in the Belgian Army Study [21] and a Chinese study [22] . The ‡The mean (SD) of quintiles is 65·6 (5·1), 74·6 (1·7), 80·4 (1·6), 86·9 (2·1) and 98·2 (6·7) mmHg in men, and 62·9 (4·7), 71·7 (1·7), 77·6 (1·7), 83·8 (1·9) and 94·9 (6·8) mmHg in women. §The mean (SD) of quintiles is 163·0 (3·0), 168·7 (1·1), 172·0 (0·8), 175·4 (1·1) and 181·6 (3·4) cm in men, and 151·3 (2·7), 156·6 (1·1), 160·0 (0·8), 163·3 (1·1) and 168·9 (2·8) cm in women. ¶This category includes 48 women whose alcohol intake was more than 59 g . day 1 .
present study, however, did not show that sex had a noticeable effect on this association. A marked difference in the magnitude of the partial regression coefficient of heart rate on blood pressure was found among five populations with disparate culture and dietary habits. Unfortunately, most of the population data we searched ) and alcohol intake (g . day 1 ), with an exception of the mean of log gamma-glutamyltranspeptidase (GGT) without adjustment for alcohol intake.
†The mean (SD) of the quintiles is 59·0 (3·9), 66·6 (1·5), 71·6 (1·4), 77·7 (2·2) and 90·1 (7·7) beats . min 1 in men, and 62·5 (3·9), 70·1 (1·6), 75·3 (1·4), 80·9 (2·0) and 93·3 (8·1) beats . min 1 in women. ‡Ca/P=ratio of calcium to phosphorus; ALP=alkaline phosphatase. *b=partial regression coefficient; CI=confidence interval; t=t value; SBP=systolic blood pressure; ALP=alkaline phosphatase; R 2 =multiple determination coefficient. †Weight, serum calcium and high density lipoprotein cholesterol were also included in the initial models, but they were not retained in the final ones at a significance level of P<0·05. ‡/t/>1·96, /t/>2·58, and /t/>3·29 correspond to P<0·05, P<0·01, and P<0·001, respectively. §The reference categories for smoking and alcohol intake were non-smokers and non-drinkers, respectively.
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are not suitable for meta-analysis. As a crude estimate, the mean and range of the partial regression coefficient of heart rate (beats . min 1 ) on blood pressure (mmHg) from five available studies are 0·29 (0·20-0·41) in men and 0·31 (0·19-0·43) in women for systolic, and 0·15 (0·12-0·18) in men and 0·15 (0·09-0·20) in women for diastolic blood pressure. Little is known about the impact of age on the association between heart rate and blood pressure. An Israeli study suggests that the strength of this association increases with age [26] . However, no interaction between age and heart rate on blood pressure was detected in the present study. More studies are warranted to further clarify this problem. A negative relationship was established between height and heart rate in both men and women. Height can be considered as an indirect biomarker of socioeconomic status. Whether this could offer a partial explanation for this negative relationship remains to be determined.
The present study on the relationship of cigarette smoking with heart rate confirms and extends the finding of the Paris Prospective Study [9] . Of all the variables considered in this study, cigarette smoking was the second strongest correlate of heart rate in men. It can be easily seen from Table 4 that the heart rate of a male smoker of one or more packs of cigarettes per day was 4·1 beats . min 1 faster than that of a non-smoker. In women, a significant but weak raising effect of cigarette smoking on heart rate was identified only in heavy smokers (Table 4) , which may be due to a low proportion of smokers (17·8%) among female participants. Whether an increased heart rate contributes to the smoking-related mortality remains to be established. To date, several mechanisms have been proposed for the association between smoking and heart rate [28] [29] [30] .
Cryer's adrenergic-blockade study in 10 normal men indicated that the smoking-initiated increment of heart rate was mediated by the adrenergic nervous system, due to the local release of norepinephrine from adrenergic nerve endings within the cardiovascular system [28] . Another human study concerning passive smoking and angina pectoris provided evidence that cigarette smoking induced a significant increase of venous carboxyhaemoglobin [29] , which in turn impairs the oxygen-carrying capacity, consequently leading to the acceleration of heart rate [30] . A significant negative correlation of serum phosphorus and a significant positive correlation of the serum calcium/phosphorus ratio with heart rate have been described [19] . We found that the negative association of serum phosphorus and the positive association of serum calcium/phosphorus ratio with heart rate were independent not only of blood pressure but also of serum protein, a variable strongly correlated with serum calcium in both sexes (men: r=0·480, P<0·0001; women: r=0·488, P<0·0001). It can be estimated from Table 4 that a decrease of serum phosphorus by 2 standard deviations would result in an increase of heart rate of 2·8 beats . min 1 in women and 1·1 beats . min 1 in men. We also found that the associations between serum phosphorus, the serum calcium/phosphorus ratio and heart rate were stronger in women than in men. The reason for this difference between sexes remains unexplained. As serum calcium did not correlate significantly with heart rate in multivariate analysis, it appears that the association between the serum calcium/ phosphorus ratio and heart rate is largely due to the association between serum phosphorus and heart rate. However, the nature of the relationship between serum phosphorus, the serum calcium/phosphorus ratio and heart rate remains conjectural. Hypophosphatemia has been described in spontaneously hypertensive rats [31] and in the patients with essential hypertension [32] . Bindels et al. reported that a dietary phosphate supplement was capable of normalizing the hypophosphatemia of spontaneously hypertensive rats, consequently lowering their systolic blood pressure [31] . However, this experimental finding does not explain our present observation that serum phosphorus was negatively associated with heart rate independent of systolic blood pressure.
To our knowledge, no previous study reported the highly significant positive association between serum log alkaline phosphatase and heart rate in both sexes. Serum alkaline phosphatase is a membrane-bound enzyme with four isoenzymes from skeletal, hepatic, intestinal and placental tissues. The primary function of alkaline phosphatase is still far from clear. The sole function known is that it is involved in bone formation [33] . The activity of alkaline phosphatase measured in serum is a global index of three or four isoenzymes. At present, the elevation of serum alkaline phosphatase activity is often clinically attributed to either bone or hepatic diseases [34] . Log serum alkaline phosphatase strongly correlated with log serum GGT (r=0·195, P<0·0001 in men; r=0·356, P<0·0001 in women) and thus could be an indicator of alcohol consumption. In our study, the positive association between serum log alkaline phosphatase and heart rate seems unlikely to be confounded by serum phosphorus, not only because the Pearson correlation of serum phosphorus with log serum alkaline phosphatase was weak in both men (r= 0·059, P<0·0001) and women (r=0·097, P<0·0001), but also because their respective multivariate associations with heart rate were independent of each other.
Serum uric acid was positively associated with heart rate, and this relationship was stronger in men than in women. Our result is in agreement with that of the first National Health and Nutrition Examination Survey [35] . In the light of the evidence that serum uric acid is a marker of the insulin resistance syndrome [36] , we postulate that the association between uric acid and heart rate may be related to the vicious cycle of insulin resistance, hyperinsulinemia and sympathetic overactivity [37] . Serum protein was found to be positively associated with heart rate in both sexes in the present study. However, the possibility that this association was secondary to the association of haematocrit and haemoglobin with heart rate or blood pressure may not be ruled out [27, 35] . A weak positive relationship was obtained between alcohol intake and heart rate only in male heavy drinkers. This finding is inconsistent with that of one previous study in which a slight negative correlation was identified instead [38] . Alcohol intake had no apparent effect on heart rate in women in this study. Overall, the association between alcohol intake and heart rate is weak.
A very weak relationship between serum cholesterol and heart rate was detected in men only, and no significant relationship of high density lipoprotein cholesterol with heart rate was found in the present study. Two studies have shown that heart rate significantly and positively correlated with the levels of serum total cholesterol and triglyceride, and negatively correlated with the level of high density lipoprotein cholesterol [15, 16] . In the BIRNH study, the level of physical activity of the participants was not quantified. The parameter, total energy intake/body mass index, was thought to be an indirect biomarker of the level of physical activity. This parameter correlated negatively with HR in men (r= 0·035, P=0·012) and women (r= 0·053, P=0·0007), but the relationship did not attain statistical significance in the multivariate analysis.
Several limitations exist in the present study. Heart rate was measured only once. The low participation rate also needs to be considered. The comparison between responders and non-responders, however, did not find any significant difference in main nutrient intake and smoking habits [18] . The multiple determination coefficients (R 2 ) were small in our study, although such a magnitude of R 2 is not unusual in other similar studies [26, 39] . The small R 2 in this study may be either due to the fact that some variables, known to contribute to the variation of heart rate, such as physical activity [40, 41] , serum insulin [38] , blood glucose [2, 38] , and serum epinephrine [38] , were not included in multiple regression models or due to measurement error. The nature of cross-sectional study does not permit us to make any causal inference between heart rate and the variables examined. Due to the above-mentioned limitations, the generalization of our findings to the whole Belgian population should be made with caution. In spite of the limitations inherent in the present study, the strength, significance level and consistency of the associations between heart rate and the variables under investigation confirm the importance of the findings. The significant relationship of serum phosphorus, the calcium/phosphorus ratio, alkaline phosphatase and protein with heart rate requires to be validated in other populations before any definite conclusions can be drawn.
In summary, we observed that of all the variables examined in this study, the principal determinants of heart rate in this Belgian population, in descending order of association strength, are blood pressure, cigarette smoking, serum log alkaline phosphatase, uric acid and protein in men, and blood pressure, serum calcium/phosphorus ratio, serum phosphorus, age, serum log alkaline phosphatase and serum protein in women. As far as we know, this is the first study to demonstrate a highly significant positive relationship of serum log alkaline phosphatase and protein with heart rate in both sexes. Considering that heart rate at baseline possesses an independent predictive power for subsequent cardiovascular, cancer and all-cause mortality, further study of the determinants of heart rate at the population level is warranted.
